With the rapid development of the micro-grid associated with new and clean energies, the smooth switching between grid-connected and islanded operation modes of the micro-grid is a key issue that needs to be addressed urgently. In traditional solutions, V/f (Voltage/frequency) control is adopted for the master micro sources when the micro-grid works in islanded mode, while PQ (real and reactive power) control is adopted when in grid-connected mode. However, when the two controllers switch when mode transfer occurs, transient oscillations usually occur and thereafter the dynamic response will be degraded. This paper considers an archetypical micro-grid with Wind-PV-ES (Wind, Photovoltaic and Energy Storage) hybrid system, which forms the basis of our case study. The underlying reason for such transient oscillation is analyzed in this paper. Thereafter a modified control strategy for seamless mode transfer is designed and implemented. An improved PQ control method is designed by which the output of the PQ controller always synchronously tracks the output of the V/f controller for micro-grid switches from islanded mode to grid-connected; furthermore, a dq rotating coordinate synchronization based V/f control method is proposed for transition from grid-connected mode to islanded mode. Finally, experiments and analysis are undertaken on some basic and important operating cases; the results in our case study indicate that the modified control strategy is effective in dominating the micro-grid during mode transfer and thus yielding significantly better performances.
Introduction
In recent years, micro-grids, as the low-voltage distribution systems, have captured considerable attention due to the many advantages they afford including enhanced reliability, scalability, and flexible control when compared with large centralized power systems. The micro-grid consists of distributed energy resources (DERs) and controllable loads, where DERs typically include a variety of distributed generation (DG) units such as wind turbines (WTs), photovoltaics (PVs), and energy storage (ES) units such as batteries [1] . As the archetypical micro-grid architecture, Wind-PV-ES hybrid systems make use of complementary features of wind and solar energy in order to reduce storage capacity and deliver a reliable and consistent service. As a result of these features, the micro-grid can be operated in either grid-connected mode to exchange power with the main power grid, or islanded mode to supply local loads when the main power grid is not available [2] . Accordingly, operational control of micro-grids is a major area of research, which primarily embodies the following four topics: (1) the regulation of power flow in the micro-grid and the decoupling control of active and reactive power; (2) the control of each DG interface voltage to maintain voltage stability; (3) the rapid response of DGs to supply the local power load in islanded mode; (4) the seamless transfer between grid-connected and islanded operation modes, which is one of the most important but difficult scenarios which must be routinely handled within real time applications [3, 4] .
Micro-grid control may be implemented under either the master-slave or peer-peer control architecture. The widely adopted master-slave control mechanism means that all the DGs within the micro-grid adopt PQ (real and reactive power) control in grid-connected mode, but in islanded mode, one or several master DGs should be changed to operate under V/f control so as to maintain voltage and frequency stability [5] . PQ control means that the DG is controlled to output maximum power or specified power according to actual conditions. PQ control is designed to maximize the utilization of renewable energy, so it is suitable for intermittent power sources [5] , such as wind turbine and PV. This kind of energy source often operates at the maximum power point; the active power of which usually is not continuously controllable. As a consequence, the control of such energy sources is placed under a PQ control method irrespective of whether the micro-grid is operating under islanded mode or grid-connected mode. Conversely, the active and reactive power of energy storage units can be adjusted, thus the energy storage system becomes the "master" power of the micro-grid ensuring the balance between energy generation and consumption especially during large fluctuations in load or generation capacity. Such master power operates under PQ control when the micro-grid is in grid-connected mode and V/f control when in islanded mode; it in effect offers frequency and voltage support for the micro-grid [6] .
Most distributed energy sources are connected to the micro-grid through interface inverters. Therefore, the control performance of the interface inverter is the focal point in maintaining the stability of the micro-grid. Various control management and operation strategies for micro-grid have been proposed in the past decades [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Several PQ controlled micro-grids were developed in [7] [8] [9] , where the interface inverter is equivalent to a controlled current source. However, such inverter cannot run in isolation due loss of support of voltage and frequency when the micro-grid is operating in islanded mode [10] . The interface inverter in V/f controlled micro-grid can be equivalent to a controlled voltage source; voltage and frequency stability can be supported by the master power source. However, the V/f control is not suitable for applications in grid-connected mode. The operating requirements of the micro-grid cannot thus be met with merely a single control strategy. In other words, the control method for the master power source ought to be changed to reflect micro-grid operating mode changes. The problem, yet to be solved, is how to realize this seamless mode transfer, namely, how to maintain the voltage phase, the amplitude and the frequency of the micro-grid to ensure it does not change abruptly at the moment of transfer.
In the case of the grid-connecting process, synchronization between micro-grid and main power grid is the most significant issue. To limit the switching transient and enables a smooth mode transfer from islanded to grid-connected mode, a modified voltage based droop control method was proposed in [11] . The modified voltage based droop control is primarily to synchronize the voltage of a specified DG unit with the main power grid voltage. To achieve high penetration depth of renewable sources into the main power grid, a renewable energy-based dc micro-grid with hybrid energy storage is investigated and a novel system operation strategy is proposed in [12] . Transition from grid-connected to islanded modes of operation is likely to cause large mismatches between generation and load. Katiraei studied system behavior after islanding and used a control reconfiguration to stabilize the system [13] . To mitigate voltage and frequency variations, strategies to manage mode transfer from grid connected to islanded mode for micro-grids of commercial buildings were developed [14] . A hierarchical control for seamless transition to islanding was also developed [15] . Some other methods for smooth transfer between both grid-connected and islanded modes are investigated in [16] [17] [18] [19] [20] [21] [22] [23] [24] . Hwang and Park [16] introduced a combined control strategy for seamless mode transitions considering protection of the critical load and operation of the DG inverter without grid fault trip. The proposed control strategy consists of a current controller and a feedforward voltage controller to minimize the grid overvoltage. The idea of auto synchronization and control of converters without using nonlinear micro-grid stabilizer was proposed in [17] and further developed in [18, 19] . Although these techniques can achieve "only-plug" performance and self-synchronization, they are nonlinear controllers with complicated design and parameter adjustment [20] . In [21, 22] , the use of a dual-mode inverter was examined, and a micro-grid mode conversion as a preliminary study was proposed, but no more specific solutions were given [6] . A droop controlled dual mode inverter was proposed and developed in [23, 24] , where the inverter operates in the droop control in both the islanded and grid-connected modes. Therefore, it is beneficial in achieving smooth transfers because there is no need to transfer the control strategy during mode transfer. However, the major drawback of the droop method is poor voltage regulation due to significant voltage deviations. This method of control is non trivial and needs to be carefully designed.
In [6] , a new seamless transfer control strategy of the micro-grid with "master-slave" architecture was proposed. The authors stated that the control of the micro-grid mode conversion included two parts to achieve the smooth transition between islanded mode and grid-connected mode: one is the conversion control system between PQ control and V/f control for the storage system and the other is the mode controller for the mode conversion of the micro-grid. When the micro-grid switches from grid-connected mode to that of islanded mode, the amplitude and phase angle of PWM (Pulse-Width Modulation) reference voltage are recorded, thereafter, the voltage reference value in V/f control is equal to the recording amplitude. This idea intuitively seems attractive and the simulation results are indeed compelling. The challenge however in this approach is how to track the right reference value, because the reference voltage is changing, and it is necessary to further avoid unexpected abrupt and significant changes when switching the control strategies between PQ control and V/f control.
In previous works, there are two thorny problems associated with mode transfer of micro-grid operation control. The first is that the voltage amplitudes, phases and frequencies of the micro-grid and the main grid must be synchronized in order to reduce the impact current when the micro-grid connects to the main power grid. The second is how to achieve power balance control within the micro-grid at the islanding moment. The local power loads are supplied corporately by the main power grid and micro-grid, and energy storage devices may be in a state of charge when the micro-grid is operating in grid-connected mode, as such the power may prove insufficient at the islanding moment. The power, necessarily, must be regulated rapidly to maintain balance with the requirement of the local power load thus guaranteeing the smooth switching to islanded operation mode. In addition, recent research predominantly focuses on different control strategies for different micro-grids to improve the stability and to reduce the transient oscillation during mode transferring; however, to the best of the authors' knowledge, the underlying reason of such transient oscillations has not been discussed in the literature.
Motivated by the aforementioned issues, the aim of this paper is to bring to light the underlying reason of the transient oscillations associated with a case study, and then to develop a modified control strategy for seamless mode transfer in micro-grids. More precisely, a typical micro-grid with Wind-PV-ES hybrid sources is considered in our case study. To effectively realize the seamless mode transfer of the micro-grid, we discover the underlying reason of such transient oscillation during mode transfer. Within this work, such an investigation informs the design of a control strategy for seamless mode transfer of the micro-grid. This work differentiates itself from existing research by developing an enhanced PQ control method, in which the output of the PQ controller always synchronizes and tracks the output of the V/f controller for micro-grid switches from islanded mode to grid-connected mode; furthermore, a dq rotating coordinate synchronization based V/f control method is proposed for micro-grid switches from grid-connected mode to islanded mode.
Moreover, the traditional pre-synchronous control method is improved. Finally, the simulation results of the case study are provided to demonstrate the feasibility of the proposed control strategy.
The main contributions of the paper can be summarized as follows:
To the best of the authors' knowledge, there is no work exploring on the underlying reasons for transient oscillations occurrence during mode transfer. The underlying reason for such transient oscillations is discovered in the Wind-PV-ES hybrid system case study. (ii)
A modified control strategy for seamless mode transfer is designed and implemented, whereby an improved PQ control method is designed by which the output of the PQ controller always synchronously tracks the output of the V/f controller for micro-grid switches from islanded mode to grid-connected, and a dq rotating coordinate synchronization based V/f control method is proposed for transition from grid-connected mode to islanded mode.
The remainder of this paper is structured as follows: in Section 2, we introduce the control strategies for grid-connected mode, islanded mode and the mode transfer. In Section 3, we analyze the transient oscillations of the micro-grid during mode transfer. Section 4 develops a modified control strategy to realize the seamless mode transfer. The simulation results deriving from a case study are provided in Section 5. Finally, Section 6 concludes this paper.
Control Strategies for Micro-Grid
An archetypical micro-grid is considered in this paper, that of a Wind-PV-ES hybrid system which includes photovoltaic power generation, wind turbine generation, and energy storage. Without loss of generality, the sum of the photovoltaic power generators, wind turbine power generators or energy storage systems is equivalently regarded as one PV system, one wind system or one storage system respectively. The micro-grid framework used in this paper is shown in Figure 1 . The main contributions of the paper can be summarized as follows:
(i) To the best of the authors' knowledge, there is no work exploring on the underlying reasons for transient oscillations occurrence during mode transfer. The underlying reason for such transient oscillations is discovered in the Wind-PV-ES hybrid system case study. (ii) A modified control strategy for seamless mode transfer is designed and implemented, whereby an improved PQ control method is designed by which the output of the PQ controller always synchronously tracks the output of the V/f controller for micro-grid switches from islanded mode to grid-connected, and a dq rotating coordinate synchronization based V/f control method is proposed for transition from grid-connected mode to islanded mode.
An archetypical micro-grid is considered in this paper, that of a Wind-PV-ES hybrid system which includes photovoltaic power generation, wind turbine generation, and energy storage. Without loss of generality, the sum of the photovoltaic power generators, wind turbine power generators or energy storage systems is equivalently regarded as one PV system, one wind system or one storage system respectively. The micro-grid framework used in this paper is shown in Figure 1 . Each micro power source connects to the micro-grid via the interface inverter, LC filter and disconnector (QS). The energy storage battery, as a controllable source, is the master power source in this micro-grid. Loads 1 and 2 represent critical voltage sensitive loads. Load 3 is an adjustable and non-critical load that can be shed if necessary. The micro-grid is usually connected to the main power grid at the point of common coupling (PCC) through a static transfer switch (STS). When the switch is on, the inverter operates in the grid-connected mode; in contrast, the inverter will operate in the islanded mode when the switch is off. Compared to the external main power grid, the micro-grid constitutes a single controllable unit, which could meet customers' requirements on power quality, reliability and safety.
Operation Modes of Micro-Grids
There are three operation modes for the micro-grid, namely, grid-connected, islanded, and outage modes. A finite state machine representation of the different operational states and their transition conditions is shown in Figure 2 . Each micro power source connects to the micro-grid via the interface inverter, LC filter and disconnector (QS). The energy storage battery, as a controllable source, is the master power source in this micro-grid. Loads 1 and 2 represent critical voltage sensitive loads. Load 3 is an adjustable and non-critical load that can be shed if necessary. The micro-grid is usually connected to the main power grid at the point of common coupling (PCC) through a static transfer switch (STS). When the switch is on, the inverter operates in the grid-connected mode; in contrast, the inverter will operate in the islanded mode when the switch is off. Compared to the external main power grid, the micro-grid constitutes a single controllable unit, which could meet customers' requirements on power quality, reliability and safety.
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Operation Modes of Micro-Grids
There are three operation modes for the micro-grid, namely, grid-connected, islanded, and outage modes. A finite state machine representation of the different operational states and their transition conditions is shown in Figure 2 . In grid-connected mode, a micro-grid can transport electrical energy to an external main power grid or absorb energy from the main power grid to maintain the local power supply. The fluctuation of the frequency and the power in the micro-grid system is borne by the main grid, and the voltage and frequency of the micro-grid should be synchronous with the main grid. Thus, each micro source does not need to participate in the regulation of voltage and frequency, which is supported by main grid. The micro power inverter can thus be controlled by the PQ method to output power according to the given reference or maximum output [25, 26] , and the energy storage device is usually controlled under charging mode.
In islanded mode, in order to maintain the voltage and frequency and to balance the internal power of the micro-grid, one or more master controllable power sources are needed and should be controlled by a constant voltage and constant frequency (CVCF) method or V/f control strategy. The CVCF method has some limitations surrounding the need for a large capacity controllable power source [27, 28] . The V/f control strategy is widely used, with which the frequency can be adjusted by active power and the voltage can be regulated by reactive power [29, 30] . The remainder of the DGs can still be controlled by a PQ strategy to output active and reactive according to the given reference.
Assuming that the micro-grid is initially operating in grid-connected mode, when or if a transient fault occurs in the main power grid, it should be separated rapidly from the main grid to remain in autonomous operation mode and meet the corresponding local load requirement. The normal voltage and frequency must be supplied by the master DGs in the micro-grid in order to meet the critical load requirement. At the same time, some non-critical power load can be shed if necessary. When the main grid is restored, the micro-grid can be reconnected to the main power grid. However if a power quality event, malfunction or power gap occurs, then the micro-grid will be switched to outage mode.
There are many different kinds of DGs in the micro-grid, including, in the main, PV, wind turbine, storage battery [31] . Some DG sources with intermittent features such as wind turbine, PV, the output performance of which is easily affected by environment factors [32, 33] , are usually controlled by a PQ method to output power according to the given reference or maximum output; while some other DGs such as energy storage battery, which are easily controlled [34] , can be controlled by PQ or V/f methods [35] . The control action is mainly applied via the power interface inverter of each DG. The actual problem yet to be solved is how to preserve the safe, stable and highly-efficient operation of micro-grids under differing operational modes, particularly at the moment of mode transfer.
Droop Based V/f Control Method
The V/f control method resembles the droop characteristics of the regulation of traditional grids to realize varied frequency sharing between different DGs. The support of voltage and frequency in a micro-grid can be achieved at the same time by utilization of V/f control. V/f control method has enabled changes of DG's self-sensing frequency and voltage and strengthened reliability of micro-grids. The schematic diagram of a V/f controller is shown in Figure 3 [25] . In grid-connected mode, a micro-grid can transport electrical energy to an external main power grid or absorb energy from the main power grid to maintain the local power supply. The fluctuation of the frequency and the power in the micro-grid system is borne by the main grid, and the voltage and frequency of the micro-grid should be synchronous with the main grid. Thus, each micro source does not need to participate in the regulation of voltage and frequency, which is supported by main grid. The micro power inverter can thus be controlled by the PQ method to output power according to the given reference or maximum output [25, 26] , and the energy storage device is usually controlled under charging mode.
The V/f control method resembles the droop characteristics of the regulation of traditional grids to realize varied frequency sharing between different DGs. The support of voltage and frequency in a micro-grid can be achieved at the same time by utilization of V/f control. V/f control method has enabled changes of DG's self-sensing frequency and voltage and strengthened reliability of micro-grids. The schematic diagram of a V/f controller is shown in Figure 3 [25] . Here, Pn and fn are rated active output power and the corresponding frequency respectively, a and b are the droop coefficient of active and reactive power, E0 is the output voltage in the case where the output reactive power is zero, V∠δ/dq0 is the coordinate transformation from a three-phase coordinate system to the rotating coordinate system, and Vd * and Vq * represent the output voltage in the d and q axis coordinates respectively, which are thereafter used as the reference for the double loop controller. The droop coefficient can be acquired as follows:
PQ Control Method
The relationship between the three phase fundamental voltage u and the corresponding voltage magnitude Vm output by the inverter when grid-connecting is as follows: Here, P n and f n are rated active output power and the corresponding frequency respectively, a and b are the droop coefficient of active and reactive power, E 0 is the output voltage in the case where the output reactive power is zero, V=δ/dq0 is the coordinate transformation from a three-phase coordinate system to the rotating coordinate system, and V d˚a nd V q˚r epresent the output voltage in the d and q axis coordinates respectively, which are thereafter used as the reference for the double loop controller. The droop coefficient can be acquired as follows:
(2)
The relationship between the three phase fundamental voltage u and the corresponding voltage magnitude V m output by the inverter when grid-connecting is as follows:
Using the method of transformation from a three-phase coordinate system to the dq rotating coordinate system, the Equation (3) can be described as:
Assuming that I d and I q are the current components in the d and q axis coordinates of output current i of the inverter, the active and reactive power can be described as follows:
Considering the given reference active power P re f and reactive power Q re f , and combining Equations (4) and (5), the reference current for the power inverter can be obtained thus:
Since V d is constant, the output active and reactive power of the inverter can be regulated by controlling the current components in the d and q axis coordinates, where the active power P depends on the active current component I d and the reactive power Q depends on the reactive current component I q . The schematic diagram of PQ control is shown in Figure 4 .
Since Vd is constant, the output active and reactive power of the inverter can be regulated by controlling the current components in the d and q axis coordinates, where the active power P depends on the active current component Id and the reactive power Q depends on the reactive current component Iq. The schematic diagram of PQ control is shown in Figure 4 . In Figure 4 , as the reference voltage in d and q axis coordinates for the power inverter, Vdref and Vqref are the output of the current controller module, and Vref is the synthetic value of the reference voltage from Vdref and Vqref.
Analysis of Transient Oscillations: Case Study
Different degrees of transient oscillations can be seen to occur at the moment of mode transfer in our case study when using the above control methods, indicating that, by setting certain parameters, transient oscillations may be examined in both grid-connecting and islanding processes. Section 3.1 describes the transient oscillations when the micro-grid switches from islanded mode to that of grid-connected mode while Section 3.2 considers the islanding process.
Transient Oscillations in a Grid-Connecting Process
The micro-grid structure as shown in Figure 1 is used in this case study. The parameters are configured as follows: the voltage in the micro-grid is 380 V, the active and reactive power of load 1 connected to the main power grid are 100 kW and 10 kvar, respectively, the active and reactive power of load 2 are 10 kW and 1 kvar, respectively, the active and reactive power of adjustable load 3 are 2.5 kW and 1 kvar, respectively, the full battery capacity is 200 Ah, the PV and wind turbine are controlled at maximum power output, where the rated power factors are all 1.0; the maximum output power of the PV is 1.6 kW under the standard environment that the light intensity is 1 kW/m 2 and the temperature is 25 °C, the maximum output power of wind turbine is 2.3 kW with the condition that the wind speed is 8 m/s and the pitch angle is 0; resistance of the low voltage line is R = 0.5 Ω/km, the filter inductance is L = 0.6 mH and the filter capacitor is C = 1.5 kuF.
This micro-grid is initially considered to operate in the islanded mode and the storage battery, as the main power source, is controlled by the V/f control method. The grid-connecting command is received by the micro-grid at 0.3 s, and the grid-connecting process is finished at 0.45 s; at the same time, the control method for the storage battery is changed from V/f to PQ strategy.
The single phase voltage and current outputs in the grid-connecting process are shown in Figure 5 . It can be seen that there is considerable transient oscillation during grid connection. To further analyze the reason for this kind of transient oscillation, the corresponding controller output during the grid-connecting process is provided as shown in Figure 6 .
It can be seen that there are great output voltage saltations both in d and q axis coordinates. This is because the V/f control method is switched to PQ strategy when the micro-grid switches from In Figure 4 , as the reference voltage in d and q axis coordinates for the power inverter, V dre f and V qre f are the output of the current controller module, and V re f is the synthetic value of the reference voltage from V dre f and V qre f .
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Transient Oscillations in a Grid-Connecting Process
The micro-grid structure as shown in Figure 1 is used in this case study. The parameters are configured as follows: the voltage in the micro-grid is 380 V, the active and reactive power of load 1 connected to the main power grid are 100 kW and 10 kvar, respectively, the active and reactive power of load 2 are 10 kW and 1 kvar, respectively, the active and reactive power of adjustable load 3 are 2.5 kW and 1 kvar, respectively, the full battery capacity is 200 Ah, the PV and wind turbine are controlled at maximum power output, where the rated power factors are all 1.0; the maximum output power of the PV is 1.6 kW under the standard environment that the light intensity is 1 kW/m 2 and the temperature is 25˝C, the maximum output power of wind turbine is 2.3 kW with the condition that the wind speed is 8 m/s and the pitch angle is 0; resistance of the low voltage line is R = 0.5 Ω/km, the filter inductance is L = 0.6 mH and the filter capacitor is C = 1.5 kuF.
It can be seen that there are great output voltage saltations both in d and q axis coordinates. This is because the V/f control method is switched to PQ strategy when the micro-grid switches from islanded mode to grid-connected mode, while the outputs of the two controllers are different. It is this output voltage peak that mainly contributes to the transient oscillation of the micro-grid at the moment of mode transfer. 
.2. Transient Oscillations in a Islanding Process
The micro-grid should be cut off in a timely manner from the main gird when some faults or nintentional switching events occur in the main power grid in order to maintain the local power upply. To continue with the case study above, this micro-grid is initially considered to operate in rid-connected mode, and the storage battery, as the main power source, is controlled by PQ control ethod. The micro-grid is set to be separated at 0.45 s and the control strategy is switched from PQ o V/f for the main power source. The single phase voltage and current outputs in the islanding rocess is shown in Figure 7 . 
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The micro-grid should be cut off in a timely manner from the main gird when some faults or unintentional switching events occur in the main power grid in order to maintain the local power supply. To continue with the case study above, this micro-grid is initially considered to operate in grid-connected mode, and the storage battery, as the main power source, is controlled by PQ control method. The micro-grid is set to be separated at 0.45 s and the control strategy is switched from PQ to V/f for the main power source. The single phase voltage and current outputs in the islanding process is shown in Figure 7 . 
The micro-grid should be cut off in a timely manner from the main gird when some faults or unintentional switching events occur in the main power grid in order to maintain the local power supply. To continue with the case study above, this micro-grid is initially considered to operate in grid-connected mode, and the storage battery, as the main power source, is controlled by PQ control method. The micro-grid is set to be separated at 0.45 s and the control strategy is switched from PQ to V/f for the main power source. The single phase voltage and current outputs in the islanding process is shown in Figure 7 . 8 supply. To continue with the case study above, this micro-grid is initially considered to operate in grid-connected mode, and the storage battery, as the main power source, is controlled by PQ control method. The micro-grid is set to be separated at 0.45 s and the control strategy is switched from PQ to V/f for the main power source. The single phase voltage and current outputs in the islanding process is shown in Figure 7 . It can be seen that the occurrence of transient oscillation is more acute when the micro-grid switches from grid-connected mode to islanding mode. To further analyze the reason for this kind of transient oscillation, in a similar manner, the corresponding controller output during the islanding process is considered as shown in Figure 8 .
It can be seen that there are also great output voltage saltations both in d and q axis coordinates, which lead directly to the transient oscillation of the islanding process. This is due to the fact that the d axis component of the offline operating V/f controller is based on the voltage vector of the main grid when grid-connecting, while the d axis component of the online operating V/f controller is based on the voltage vector of the micro-grid when grid-islanding. As a consequence, when the micro-grid is separated from the main grid and the controller is switched from PQ to V/f strategy, it is the It can be seen that the occurrence of transient oscillation is more acute when the micro-grid switches from grid-connected mode to islanding mode. To further analyze the reason for this kind of transient oscillation, in a similar manner, the corresponding controller output during the islanding process is considered as shown in Figure 8 .
It can be seen that there are also great output voltage saltations both in d and q axis coordinates, which lead directly to the transient oscillation of the islanding process. This is due to the fact that the d axis component of the offline operating V/f controller is based on the voltage vector of the main grid when grid-connecting, while the d axis component of the online operating V/f controller is based on the voltage vector of the micro-grid when grid-islanding. As a consequence, when the micro-grid is separated from the main grid and the controller is switched from PQ to V/f strategy, it is the asynchrony of the dq rotating coordinate system for V/f controller which causes the significant voltage saltations to occur. 
Modified Control Strategy for Seamless Mode Transfer

Improved Pre-Synchronous Controller
To reduce the current surge at PCC, the voltage amplitude, phase angle and the frequency of the micro-grid and the main grid should be pre-synchronized before the micro-grid switches from islanding mode to grid-connected mode. The droop based pre-synchronous control is one of the most widely used strategies that help to finish the grid-connecting pre-synchronized process [36] . It is worth mentioning that traditional droop based pre-synchronous controllers are designed to adjust the voltage difference and frequency difference directly. Considering that droop based control is deviating regulation and the measurement error is ineluctable, it is difficult to acquire voltage and frequency synchronous completely. On the other hand, V/f control, whose purpose is to insure the 
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To reduce the current surge at PCC, the voltage amplitude, phase angle and the frequency of the micro-grid and the main grid should be pre-synchronized before the micro-grid switches from islanding mode to grid-connected mode. The droop based pre-synchronous control is one of the most widely used strategies that help to finish the grid-connecting pre-synchronized process [36] . It is worth mentioning that traditional droop based pre-synchronous controllers are designed to adjust the voltage difference and frequency difference directly. Considering that droop based control is deviating regulation and the measurement error is ineluctable, it is difficult to acquire voltage and frequency synchronous completely. On the other hand, V/f control, whose purpose is to insure the constant of both DG output voltage amplitude and frequency, is similar to secondary voltage and frequency regulation of power system, which causes interference with the pre-synchronous method, which, in turn, may lead to further transient oscillation. Some simulation results show that the voltage and frequency of inverter power source based on the droop control changes suddenly and the change rate is large [36] .
To cope with this problem, the three phase AC voltages are transformed to the DC voltages in the dq rotating coordinate system, which avoids the need for direct regulation for voltage and frequency. Thus, the DC voltages can be regulated by a linear PI (Proportional Integral) controller. The improved pre-synchronous controller in this paper is shown in Figure 9 , where, V m_d , V m_q and V G_d , V G_q are the d and q components of the bus voltages in the micro-grid side and main grid side respectively; V d_ref and V q_ref represent the reference d and q components for the double loop controller. [36] . It is worth mentioning that traditional droop based pre-synchronous controllers are designed to adjust the voltage difference and frequency difference directly. Considering that droop based control is deviating regulation and the measurement error is ineluctable, it is difficult to acquire voltage and frequency synchronous completely. On the other hand, V/f control, whose purpose is to insure the constant of both DG output voltage amplitude and frequency, is similar to secondary voltage and frequency regulation of power system, which causes interference with the pre-synchronous method, which, in turn, may lead to further transient oscillation. Some simulation results show that the voltage and frequency of inverter power source based on the droop control changes suddenly and the change rate is large [36] .
To cope with this problem, the three phase AC voltages are transformed to the DC voltages in the dq rotating coordinate system, which avoids the need for direct regulation for voltage and frequency. Thus, the DC voltages can be regulated by a linear PI (Proportional Integral) controller. The improved pre-synchronous controller in this paper is shown in Figure 9 , where, Vm_d, Vm_q and VG_d, VG_q are the d and q components of the bus voltages in the micro-grid side and main grid side respectively; Vd_ref and Vq_ref represent the reference d and q components for the double loop controller. Figure 9 . Structure of Improved Pre-Synchronous Controller. The synthesized voltage components V d_ref and V q_ref , which are superimposed by the corresponding output voltage components of PI and V/f controllers, are taken as the input signals for the double loop controller. The pre-synchronous controller and the V/f controller are working together to maintain the voltage and frequency within the micro-grid. After the grid-connecting process is completed, the pre-synchronous controller will be cut off by switches K1 and K2.
Status Tracking Based PQ Control Method
As mentioned above, different control strategies should be adopted according to the differing operating modes associated with the micro-grid. To avoid the conflict between the frequencies of the micro-grid and the main grid during grid-connection process, the V/f control method should be switched to the PQ control strategy. However, the mismatch between the outputs of the two controllers can lead to the saltation of the final output signal due to the different control structure. To cope with this problem, a status tracking based PQ control strategy is proposed here. More specifically, to suppress the abrupt change of output voltage when the V/f control is switched to PQ control, the initial output situation of the PQ controller is designed in advance based upon the synchronous tracking of the output situation of the V/f controller.
The relationship between power and current in a dq rotating coordinate system is as follows:
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where, P re f and Q re f are the active and reactive power references respectively for the PQ controller, and I dre f and I qre f are the current references respectively in the d and q axis coordinates. The control method which achieves synchronization of controller output states is shown in Figure 10 .
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where, Pref and Qref are the active and reactive power references respectively for the PQ controller, and Idref and Iqref are the current references respectively in the d and q axis coordinates. The control method which achieves synchronization of controller output states is shown in Figure 10 . Vvfd * and Vvfq * are the output voltage components of V/f controller in the dq coordinate system when the micro-grid is operating in the state of islanding. Immediately prior to connecting to the grid, the switches K3 and K4 open, and K5 and K6 closed. The V/f controller is the only contributing controller; meanwhile, the output voltage components of the V/f controller in the dq axis coordinate are used as the reference for the corresponding output voltage components of the PQ controller. Thus the PQ controller can synchronously track the output situation of the V/f controller before mode transfer. At the moment of grid-connection, the online V/f controller is switched to the PQ controller. At the same time, K3 and K4 close while K5 and K6 still remain closed. On the one hand, the output V v f d˚a nd V v f q˚a re the output voltage components of V/f controller in the dq coordinate system when the micro-grid is operating in the state of islanding. Immediately prior to connecting to the grid, the switches K3 and K4 open, and K5 and K6 closed. The V/f controller is the only contributing controller; meanwhile, the output voltage components of the V/f controller in the dq axis coordinate are used as the reference for the corresponding output voltage components of the PQ controller. Thus the PQ controller can synchronously track the output situation of the V/f controller before mode transfer. At the moment of grid-connection, the online V/f controller is switched to the PQ controller. At the same time, K3 and K4 close while K5 and K6 still remain closed. On the one hand, the output of the PQ strategy is begun to be controlled according to the given reference power; on the other hand, the output voltage components V v f d˚a nd V v f q˚o f the V/f controller, as the auxiliary reference signals, are still contributing to the output of PQ controller. Moreover, the amplitudes, frequencies and phase positions of voltages on both sides of the PCC are synchronized in advance by the pre-synchronous controller. Thus, the control output has no abrupt change but one that is rather gentle in the grid-connecting process. When a grid connection is being established, K5 and K6 open while K3 and K4 still keep closed, the PQ controller is the only contributing controller, which is totally controlled according to the given reference power.
Based on this modified control strategy, with the same system parameters configured as described in Section 3.1 and the parameters k p = 0.4 and k i = 80 configured for PI controllers, the single phase voltage and current outputs in the grid-connecting process and the corresponding control output during the grid-connecting process are provided as shown in Figures 11 and 12 .
Using the results deriving from the traditional control method (shown in Figures 5 and 6 ) as a ground truth, the transient oscillation of the micro-grid can be seen to be effectively suppressed together with the attainment of smooth switching when grid-connecting. phase voltage and current outputs in the grid-connecting process and the corresponding control output during the grid-connecting process are provided as shown in Figures 11 and 12 .
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dq Rotating Coordinate Synchronization Based V/f Control Method
To suppress the transient oscillation, the controller output should not be changed acutely when the micro-grid switches from grid-connected mode to islanded mode. Unfortunately, at the moment of grid-islanding, the transition from a grid-frequency-following control at certain output power to self-generated-frequency control at different output power leads to a power angle disturbance that affects the relative stability of the power sharing dynamics. The bus voltage is dominated by the main power grid during connected mode and switches to its subsystems when it comes to islanding mode; this grid-islanding action is a kind of system reboot of the micro-grid [12] . Accordingly, the dq rotating coordinate system for V/f controller is always unsynchronized with respect to the power angle under different modes. As analyzed in Section 3.2, the dq axis component of the offline operating V/f controller is based on voltage vector of the main grid when grid-connecting, while that 11 described in Section 3.1 and the parameters kp = 0.4 and ki = 80 configured for PI controllers, the single phase voltage and current outputs in the grid-connecting process and the corresponding control output during the grid-connecting process are provided as shown in Figures 11 and 12 .
To suppress the transient oscillation, the controller output should not be changed acutely when the micro-grid switches from grid-connected mode to islanded mode. Unfortunately, at the moment of grid-islanding, the transition from a grid-frequency-following control at certain output power to self-generated-frequency control at different output power leads to a power angle disturbance that affects the relative stability of the power sharing dynamics. The bus voltage is dominated by the main power grid during connected mode and switches to its subsystems when it comes to islanding mode; this grid-islanding action is a kind of system reboot of the micro-grid [12] . Accordingly, the dq rotating coordinate system for V/f controller is always unsynchronized with respect to the power angle under different modes. As analyzed in Section 3.2, the dq axis component of the offline operating V/f controller is based on voltage vector of the main grid when grid-connecting, while that 
To suppress the transient oscillation, the controller output should not be changed acutely when the micro-grid switches from grid-connected mode to islanded mode. Unfortunately, at the moment of grid-islanding, the transition from a grid-frequency-following control at certain output power to self-generated-frequency control at different output power leads to a power angle disturbance that affects the relative stability of the power sharing dynamics. The bus voltage is dominated by the main power grid during connected mode and switches to its subsystems when it comes to islanding mode; this grid-islanding action is a kind of system reboot of the micro-grid [12] . Accordingly, the dq rotating coordinate system for V/f controller is always unsynchronized with respect to the power angle under different modes. As analyzed in Section 3.2, the dq axis component of the offline operating V/f controller is based on voltage vector of the main grid when grid-connecting, while that of the online operating V/f controller is based on voltage vector of the micro-grid when grid-islanding. As a result of these features, the output voltage of the V/f controller may change acutely when the V/f controller is returned back online with the mode transfer.
To avoid the abrupt change of the V/f controller itself at the moment of grid-islanding, the datum reference of the V/f controller in the dq axis coordinate should be kept consistent. In order to maintain the consistency of the datum references for the dq axis coordinate, the output component calculation of the V/f controller in the dq axis coordinate is based on the synthetic voltage vector according to the droop characteristic. In other words, the reference voltage vector is synchronous with the dq rotating coordinate. The dq rotating coordinate synchronization based control method is shown in Figure 13 . Based on this modified control strategy with the same system parameters configured as described in Section 3.2, the simulation results based on the above control method are shown in Figures 14 and 15 .
When one compares these results with those depicted in Figures 7 and 8 , we can see that the disturbance of the output signals are greatly decreased and that the transient oscillation of the micro-grid is effectively suppressed and the smooth switching is obtained when the micro-grid is detaching itself from the main grid. Based on this modified control strategy with the same system parameters configured as described in Section 3.2, the simulation results based on the above control method are shown in Figures 14 and 15 .
When one compares these results with those depicted in Figures 7 and 8 we can see that the disturbance of the output signals are greatly decreased and that the transient oscillation of the micro-grid is effectively suppressed and the smooth switching is obtained when the micro-grid is detaching itself from the main grid.
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of the V/f controller in the dq axis coordinate is based on the synthetic voltage vector according to the droop characteristic. In other words, the reference voltage vector is synchronous with the dq rotating coordinate. The dq rotating coordinate synchronization based control method is shown in Figure 13 . Based on this modified control strategy with the same system parameters configured as described in Section 3.2, the simulation results based on the above control method are shown in Figures 14 and 15 .
When one compares these results with those depicted in Figures 7 and 8 , we can see that the disturbance of the output signals are greatly decreased and that the transient oscillation of the micro-grid is effectively suppressed and the smooth switching is obtained when the micro-grid is detaching itself from the main grid. 12 droop characteristic. In other words, the reference voltage vector is synchronous with the dq rotating coordinate. The dq rotating coordinate synchronization based control method is shown in Figure 13 . Based on this modified control strategy with the same system parameters configured as described in Section 3.2, the simulation results based on the above control method are shown in Figures 14 and 15 .
When one compares these results with those depicted in Figures 7 and 8 , we can see that the disturbance of the output signals are greatly decreased and that the transient oscillation of the micro-grid is effectively suppressed and the smooth switching is obtained when the micro-grid is detaching itself from the main grid. In order to further verify the effectiveness of the proposed control strategies, additional experiments are necessary and considered in our case study in the following Section 5.
Experiments and Analysis
The experiments that follow seek to create a number of conditions under which the micro-grid may operate. As such these experiments simulate changing environmental conditions-sunlight (light intensity) and wind speed, and furthermore, investigate algorithm performance in load switching and mode switching. The micro-grid structure shown in Figure 1 together with the associated control architecture will now be utilized as the vehicle for our case study, replicating the system parameters described in Section 3.1.
Light Intensity and Wind Speed Changing in Islanded Mode
In the islanded mode, it is the V/f controlled master power sources and the PQ controlled DGs that balance the internal power of the micro-grid. The total power output within the micro-grid must be maintained and kept consistent by the control system according to changes in the related environment, especially changes of light intensity and wind speed. A large part of complaints on "bad power quality" are in fact the rapid voltage changes due to sudden light intensity and wind speed changes. To illustrate the effectiveness of our control strategy, light intensity and wind speed changes are fundamental to the case study. System parameters, as described in Section 3.1, are replicated here; moreover, an additional set of experimental parameters are configured as follows: the light density is 1200 W/m 2 during 0-0. 
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Light Intensity and Wind Speed Changing in Islanded Mode
In the islanded mode, it is the V/f controlled master power sources and the PQ controlled DGs that balance the internal power of the micro-grid. The total power output within the micro-grid must be maintained and kept consistent by the control system according to changes in the related environment, especially changes of light intensity and wind speed. A large part of complaints on ʺbad power qualityʺ are in fact the rapid voltage changes due to sudden light intensity and wind speed changes. To illustrate the effectiveness of our control strategy, light intensity and wind speed changes are fundamental to the case study. System parameters, as described in Section 3.1, are replicated here; moreover, an additional set of experimental parameters are configured as follows: the light density is 1200 W/m 2 during 0-0. It can be seen that, with the light density decreasing, the active power output of the PV is decreasing while that of the storage battery is increasing, and vice versa; with the wind speed It can be seen that, with the light density decreasing, the active power output of the PV is decreasing while that of the storage battery is increasing, and vice versa; with the wind speed increasing, the active power output of the wind turbine is increasing while that of the storage battery is decreasing, and vice versa. The PV and wind turbine can be controlled in accordance with the maximum power output. Results confirm that, in the case of islanded mode, the power output of each micro source can be adjusted rapidly and the total power output within the micro-grid can be maintained and kept consistent by the control system according to changes of the related environment. In contrast and as expected, it can be seen from Figure 17 that the frequency of the micro-grid exhibits only minor variations relative to changes of either light intensity or wind speed.
Load Switching in Grid-Connected Mode
In the grid-connected mode, the power output of the PQ controlled DGs should not be affected by the local power loads changing since the fluctuation of power in the micro-grid is borne by the main grid. So, load switching in grid-connected mode is tested in our case study.
Parameters in this experiment are configured as follows: the light density is 1000 W/m 2 , the wind speed is 8 m/s, and the battery is charging with a constant current. The sensitive power load 3 is switched in during 0.4-0.7 s and switched out after 0.7 s. The power output curves of micro-sources are shown in Figure 18 .
It can be seen that the storage battery is equivalent to a power load when charging with constant current, and that the PV and wind turbine are controlled in accordance with the maximum power output. The power in the micro-grid is balanced by the main power grid, so the output power of each micro source does not change with load switching. The curve of battery state of charge (SOC) and frequency response of the micro-grid are shown in Figures 19 and 20 respectively.
It can be seen that the battery is absorbing power from the main grid and the electric quantity is increasing, the frequency changed slightly but within the change indicator and can be returned rapidly to the stable state.
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Grid-Connected/Islanding Smooth Switching
Moreover, while the mode transfers from islanded mode to grid-connected mode, and grid-connected mode to islanded mode, were tested separately in Section 4, the successive transfers between grid-connected and islanded operation modes are further considered in this case study to test the developed control strategy.
In this experiment, parameters are configured as follows: the micro-grid is operating in islanding mode during 0-0.45 s, where droop based V/f control is used for battery's discharge mode during 0-0.3 s and pre-synchronous controller is activated to follow the voltage of the main grid. The micro-grid is connected to the main grid at 0.45 s and the battery is switched to charge mode with a constant current; then the micro-grid is separated from main grid at 0.75 s and the battery is switched to discharge mode with droop based V/f control. The PV and wind turbine are controlled throughout in accordance with the maximum power output. The voltage and current and power output are shown in Figures 21 and 22 respectively.
It can be seen that the voltage and current of each micro source are all seamlessly transmitted notwithstanding the fact that the control strategy is changed from V/f to PQ when grid-connecting at 0.45 s; smooth switching control is also obtained when the micro-grid is separating from the main grid at 0.75. Compared with the results deriving from the traditional control method (shown in Figures 5 and 6 ), these results confirmed the efficacy of the modified control strategy for voltage and current adjustment when grid-connected or islanding switching of the micro-grid. 
In this experiment, parameters are configured as follows: the micro-grid is operating in islanding mode during 0-0.45 s, where droop based V/f control is used for battery's discharge mode during 0-0.3 s and pre-synchronous controller is activated to follow the voltage of the main grid. The micro-grid is connected to the main grid at 0.45 s and the battery is switched to charge mode with a constant current; then the micro-grid is separated from main grid at 0.75 s and the battery is switched to discharge mode with droop based V/f control. The PV and wind turbine are controlled throughout in accordance with the maximum power output. The voltage and current and power output are shown in Figures 21 and 22 respectively. 
It can be seen that the voltage and current of each micro source are all seamlessly transmitted notwithstanding the fact that the control strategy is changed from V/f to PQ when grid-connecting at 0.45 s; smooth switching control is also obtained when the micro-grid is separating from the main grid at 0.75. Compared with the results deriving from the traditional control method (shown in Figures 5 and 6 ), these results confirmed the efficacy of the modified control strategy for voltage and current adjustment when grid-connected or islanding switching of the micro-grid. As can be seen from Figure 22 , the active power output of the storage battery decreases only marginally after the pre-synchronous controller is put into operation, and the fluctuations of active and reactive power output are negligible during either the grid-connecting or islanding processes. The power output of the PV and the wind turbine are all in accordance with the maximum power output. The results confirm the efficacy of the modified control strategy for both active and reactive power output adjustment when grid-connected/islanding switching of the micro-grid.
The curve of battery state of charge (SOC) (Figure 23 ) indicates the change of electric quantity under different operating modes. The frequency response of the micro-grid is shown in Figure 24 .
The frequency changed slightly in the range of (−0.5, 0.5) but within the change indicator and can be returned rapidly to the stable state. 
Conclusions
The micro-grid can be operated either in the grid-connected mode or in islanded mode; seamless mode transfer however is an important prerequisite for maintaining safe and stable operation of micro-grids. In order to ameliorate the effect of power quality during mode transfer, this paper establishes the underlyinsssg cause of the transient oscillation associated with mode transfer via a case study focusing on an archetypical micro-grid with the Wind-PV-ES hybrid system. Thereafter, It can be seen that the voltage and current of each micro source are all seamlessly transmitted notwithstanding the fact that the control strategy is changed from V/f to PQ when grid-connecting at 0.45 s; smooth switching control is also obtained when the micro-grid is separating from the main grid at 0.75. Compared with the results deriving from the traditional control method (shown in Figures 5 and 6 ), these results confirmed the efficacy of the modified control strategy for voltage and current adjustment when grid-connected or islanding switching of the micro-grid.
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Conclusions
The micro-grid can be operated either in the grid-connected mode or in islanded mode; seamless mode transfer however is an important prerequisite for maintaining safe and stable operation of micro-grids. In order to ameliorate the effect of power quality during mode transfer, this paper establishes the underlyinsssg cause of the transient oscillation associated with mode transfer via a case study focusing on an archetypical micro-grid with the Wind-PV-ES hybrid system. Thereafter, a modified control strategy for seamless mode transfer is formulated. The primary contribution of this paper is an improved PQ control, the provision of a mechanism by which to ensure the continuity of the controller output whereby the output of the PQ controller always synchronously tracks the output of the V/f controller as the micro-grid switches from islanded mode to grid-connected mode. Additionally we propose a dq rotating coordinate synchronization based on a V/f control method when the micro-grid switches from grid-connected mode to islanded mode. The simulation results presented indicate that the modified control method is effective in dominating the micro-grid and suppressing the transient oscillations during the mode transfer.
